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ABSTRACT: Phytomanagement could be a viable alternative
in areas polluted with wastes from chromium-using industries.
This study investigated the ability of Silene vulgaris to take up
Cr(III) and Cr(VI) with special attention on the mechanism
used by this species to tolerate high doses of Cr(VI). Plants
were grown semihydroponically with different concentrations
of either Cr(III) or Cr(VI). A combination of synchrotron X-
ray spectroscopic techniques, scanning electron and light
microscopy and infrared spectroscopy were used to determine
the distribution and speciation of Cr. S. vulgaris accumulated
more Cr when grown with Cr(VI) resulting in an overall
reduction in biomass. Starch accumulation in leaves may be
attributed to an impartment between carbon utilization and
assimilation resulted from stunted plant growth but not the
complete inhibition of photosynthesis indicating that S. vulgaris possess tolerance mechanisms that allows it to survive in Cr(VI)
rich environments. These primary tolerance mechanisms are (a) the total reduction of Cr(VI) to Cr(III) in the rhizosphere or
just after uptake in the fine lateral root tips and (b) chelation of Cr(III) to the cell wall both of which reduce metal interference
with critical cell functions. These mechanisms make S. vulgaris suitable for in situ remediation of Cr polluted soils.

■ INTRODUCTION

Chromium is a transition metal which represents the seventh
most abundant element on earth. Due to its corrosion-resistant
properties it is used in many industrial activities. Its world
production is in the order of 10 000 000 tons per year.1 About
90% goes to metallurgical applications, especially into
manufacture of stainless steel; 5% is used in chemical
manufacturing as leather tanning, pigments and electroplating
and the remaining 5% of Cr goes to refractory applications.1

The wide and increasing use of Cr in industry has led to the
disposal and dispersal of large amounts of chromium into soils
and waters making it a metal of high environmental concern.
Chromium has several oxidation states ranging from (II) to

(VI), the most common and stable forms being Cr(III) and
Cr(VI). Cr(VI), an oxyanion (CrO4

−2 orCrO7
−2), is repelled by

the negative charge of soil, as such, it remains in soil solution or
weakly sorbed where it is bioavailable for animals and plants.
Because of its solubility, Cr(VI) enters living cells easily where
it generates reactive oxygen species (ROS) causing severe
oxidative injuries to cell constituents and DNA. In humans it is
classified as carcinogen of Group A.2 Cr(III), however, occurs
as a cation which is more readily adsorbed to the negatively
charged particles of soils, especially clays and it can also
precipitate as insoluble oxide and hydroxide compounds
making Cr(III) less soluble and bioavailable than Cr(VI). As

such, Cr(III) is between 10 and 100 times less toxic than
Cr(VI).4 Cr(III) may be an essential component responsible
for the control of glucose and lipid metabolism in mammals3

although, this nutritional role is still under question.
In natural soils organic matter acts as an electron donor for

Cr(VI) reduction in a process called “dechromification”5

resulting in Cr(III). However, industrial spills could overwhelm
the reductive capacity of soils, especially in alkaline environ-
ments where this process is not favored.
Traditional physicochemical cleanup technologies used for

the remediation of heavy metal polluted soils are energy
intensive, monetarily prohibitive and only applicable for small
areas of enriched soils. Further, they generate wastes and
hazardous byproducts and destroy soil structure.6 Phytoma-
nagement of contaminated soils, described as the use of
vegetation alone or in combination with other technologies, can
be a more cost-effective means of mitigating environmental
risks associated with large metal enriched sites.7 These
technologies rely on the ability of plants to tolerate
(phytostabilization) and/or accumulate (phytoextraction)
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large amounts of heavy metals in their tissues. Understanding
the mechanisms by which plants take up and detoxify metals is
one key factor to increase the efficiency of this technology.
There are only a few studies on the ability of plants to take

up and/or reduce Cr(VI) to the less toxic Cr(III) specie.8−10

Utilization of plant-mediated Cr(VI) reduction could represent
an important in situ detoxification method to reduce the risk of
Cr(VI) exposure to higher trophic levels. Silene vulgaris
(Moench) is a perennial dicotyledonous facultative methallo-
phyte with a wide distribution throughout Europe, North
America, Asia and North Africa and a proven tolerance to a
diversity of metals.11−13 As a native, noninvasive species S.
vulgaris is a good candidate for phytomanagement of a variety
of polluted sites. Previous studies with clones of S. vulgaris have
shown the tolerance of this species to Cr14,15 but more research
is necessary to evaluate if this species could be effectively used
in Cr contaminated sites. The objectives of this study were (i)
to compare Cr uptake and the phenotypic and biochemical
changes induced in S. vulgaris when grown in Cr(III) or Cr(VI)
supplemented media and (ii) to describe the Cr(VI) tolerance
pathway for S. vulgaris. To achieve these objectives, a
combination of X-ray spectroscopic techniques, scanning
electron and light microscopy and diffusive reflectance infrared
Fourier transform spectroscopy were used.

■ MATERIALS AND METHODS

Plant Material and Growth Conditions. Seeds of a
chromium tolerant population of S. vulgaris (Moench) (EC100
between 30 and 100 μM Cr(VI), Supporting Information (SI)
Figure S1) were germinated and precultured in semi-
hydroponics. Plants were then randomly selected for treatment
with 30 μM (1.56 mg·L−1) and 60 μM (3.12 mg·L−1) Cr as
follows: (a) control, no Cr addition, (b) 30 μM Cr(III), (c) 60
μM Cr(III), (d) 30 μM Cr(VI), and (d) 60 μM Cr(VI). Cr(III)
was provided as Cr(NO3)3·9H2O and Cr(VI) as K2Cr2O7.
Doses were selected in order to be environmentally relevant
and in the range of tolerance of this specie and at which
toxicity-tolerance mechanisms are already activated.14,15

Plant Tissue Analysis. After 3 weeks of treatment, roots
and shoots were separated and washed thoroughly with water
and 0.001 M of CaCl2 to remove weakly sorbed metals,
immediately frozen in liquid nitrogen and stored at −80 °C
until being freeze-dried. Plant dry weights were recorded prior
to being ground and digested in MARS express (CEM,
Matthews, North Carolina) microwave digester using method
EPA 3052. Digestion sets included duplicate samples, reagent
blanks and standard reference plant tissues (SRM 1573a,
Tomato leaf, NIST, Gaithursburg, MD). Cr concentrations
were determined using an Agilent 7500cxICP-MS (Santa Clara,
Ca). Mean recovery of Cr from the SRM was ∼85% of the
median acid-leachable value.
Statistical Treatment. Statistical analysis was performed

using SPSS version 19.0 (IBM, Armonk, N.Y.). Data from dry
weights and Cr concentrations were analyzed using a general
lineal model (GLM) with chromium treatment as the
experimental factor at α = 0.05 using the F-test. GLM was
followed by a post hoc Duncan test to assess the significance of
differences among treatments for each variable. The results are
shown within the tables as lower case letters in which values not
sharing the same letter are significantly different. Values given
in the tables indicate mean values (n = 3) ± standard error
(S.E.).

Synchrotron-Based X-ray Spectroscopy (μ-SXRF, μ-
XANES, and μ-EXAFS). Chromium speciation and element
distributions were determined using synchrotron micro X-ray
fluorescence spectroscopy (μ-SXRF, μ-XAFS) on beamline
10.3.2 (1.9GeV and 300 mA) at the Advanced Light Source,
Lawrence Berkeley National Lab (ALS-LBNL, Berkeley, CA).
Fresh plants from the 60 μM Cr(VI) treatment were
transported to the beamline where, just prior to analysis,
leaves, stems and roots were removed, rapidly frozen in liquid
N2 and mounted on a Peltier cold stage using silica vacuum
grease. The stage was maintained −30 °C throughout the
experiment. Prior to analysis the beamline was calibrated using
a metal foil standard. The sample stage was attached to an x,y,θ
stepping stage positioned 45° to the incident X-ray beam. For
collecting μ-SXRF maps, the beam energy was set to 11 keV
such that the Kα fluorescence line intensities of Cr, Mn, Fe, Zn,
Cu, Ni, Ti, As Mg, Ca, and K were detected using a 7-element
Canberra Ultra LE-Ge detector (Meriden, CT) positioned 90°
to the incident beam. Analysis started by first collecting coarse
fluorescence maps using beam sizes from 5 to 16 μm and step
sizes between 20 and 5 μm depending on the area mapped and
the resolution required. The dwell time was between 20 and
100 ms. The distribution of Cr(VI) and Cr(III) in the plant
tissues were initially determined by collecting maps at the
energy of maximum absorbance for each Cr species and above
the absorption edge of both (5984.00, 5993.00, 6006.00 keV,
respectively). After several maps were collected in this fashion it
was determined that only Cr(III) was present in the tissues and
the subsequent maps were recorded at 11 keV.
Using the μSXRF maps, regions of interest (“hotspots”) were

identified and μ-XANES and μ-EXAFS spectra were collected
at these spots. μ-XANES spectra were collected in fluorescence
mode from 50 eV below to 150 eV above Cr k-edge (5989.02
keV) using quick-scanning mode which permitted the
collection of a single spectrum in ∼40 s allowing for the
detection of any beam induced changes in the Cr oxidation
state. One hundred 40 s scans were averaged to make up one
spectrum and this procedure repeated approximately 5 times at
each hotspot resulting in 5 spectra per hotspot. Prior to
averaging each spectrum was background subtracted and
normalized before least-squares combination fitting (LCF)
using beamline 10.3.2 software. Standard preparation and shell
fitting of μ-EXAFS spectra collected from different parts of the
plant is described in the SI.

Scanning Electron and Light Microscopy. A Nikon
Eclipse 90i light microscope and model S-3200 Hitachi
scanning electron microscope equipped with a Princeton
Gamma-Tech energy dispersive spectroscopy (EDS) micro-
analysis system were used to examine fresh and freeze-fixed
samples, respectively, to evaluate the phenotypic changes
induced during Cr exposure. For SEM, regular cross sections
of lyophilized stem and leaf samples were generated using a
surgical blade and the pieces then mounted on-end on an Al
stub with carbon adhesive and sputter coated with 2−3 nm of
gold prior to analysis. Samples were analyzed using an
accelerating voltage of 20 kV at 250−400 magnification and a
working distance of 14 mm.

Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy (DRIFTS). Infrared spectra from the mid-IR region
(600−1800 cm−1) were used to evaluate the plant structural or
biochemical changes that may have occurred with Cr exposure.
A 5% mixture of freeze-dried leaves and roots from each of the
treatments were prepared by grinding and thoroughly mixing
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with potassium bromide (KBr). Infrared spectra were recorded
using a Thermo Scientific Nicolet 6700 FTIR equipped with a
Smart collector diffuse reflectance accessory and MCT/A
detector. Each sample spectra is an average of 254 spectra
collected with 4 cm−1 resolution.

■ RESULTS AND DISCUSSION
Plant Growth and Cr Uptake. Dry mass reduction in

shoots from plants grown in 30 μM Cr(III) and Cr(VI) are
similar (∼20%) (Table 1). There was a significant decrease in

shoot biomass (∼40%) in plants grown with 60 μM Cr(VI). In
roots, though not statistically significant, there was a similar
reduction in root biomass (∼24%) in plants grown with 30 and
60 μM Cr(III) and the lower dose of Cr(VI), however the 60
μM Cr(VI) treatment resulted in ∼40% reduction in root
biomass. Overall, Cr(VI) was the most inhibitory to whole
plant (root+shoot) dry matter yield, as has been observed in
other species.16

Total Cr concentrations were significantly greater in the
shoots of plants grown with Cr(VI), especially at the higher
dose, compared to those of the controls and plants grown in
Cr(III) (Table 1). The highest concentrations in the roots were
found in plants grown in Cr(VI), with significantly more in the
60 μM Cr(VI) treatment. Chromium mainly accumulated in
roots and was poorly translocated to the shoots in all
treatments which has been described as a mechanism by plants
to prevent Cr toxicity.17,18 Irrespective of concentration, plants
grown with Cr(III) retained 43−48× more Cr in their roots
compared to their shoots, while 16−18× more Cr was retained
in the roots of the plants grown with Cr(VI). The greater
uptake of Cr in S. vulgaris grown with Cr(VI) compared to
Cr(III) has been ascribed to the active uptake of Cr(VI) in
metabolically driven processes using the same transporters used
for essential anions such as sulfate.19 In contrast, the Cr(III) ion
can bind strongly to ion exchange sites of the cell wall within
the root apoplast and is only passively taken up.19

Spatial Distribution and Speciation of Cr in S.
vulgaris. Oxidation state μ-SXRF mapping revealed only
Cr(III) was present in the roots from plants grown with
Cr(VI). XAS spectra from plant samples grown with Cr(VI)
show a pre-edge feature similar to that of Cr(III) model
compounds (SI Figures S3 and S7). In the +6 oxidation state
Cr is in 4-fold, tetrahedral coordination (e.g., CrO4

2−) indicated

by a diagnostic large pre-edge peak in the XANES spectra due
to the 1s to 3d electron transition. When in the +3 oxidation
state Cr forms complexes with 6-fold, octahedral coordination,
in which case the diagnostic pre-edge peak is notably smaller
and is located at slightly lower energy.8 Best LLSF of the all μ-
EXAFS spectra (SI Table S1) from spots in the roots, stem and
shoots were achieved using six first shell oxygen atoms at RCr−O
= 1.98 Å confirming that Cr in all tissues is in octahedral
coordination.
The presence of only Cr(III) in plants grown with Cr(VI)

has been observed in other species8,10,20 and is thought to
represent an important detoxification pathway for plants. The
mechanism by which Cr(VI) is reduced to Cr(III) and whether
this happens outside or within the plant are still not known.
Cr(VI) shares the same membrane bound transporters as
sulfate which leads to more Cr entering the root cells when
plants are grown with Cr(VI). Once past the plasma
membrane, some researchers hypothesize Cr(VI) reduction is
mediated by Fe(III)-reductase enzymes21−23 supported by the
fact that Cr supplied to Fe-deficient plants increases the activity
of root associated Fe(III)-reductase24 which increases the
availability of Fe to plants.25 Alternatively, specific chromate
reductases have been isolated in bacteria26 and some
researchers postulate that a similar enzyme may be present in
plants.1,26,27 Reduction of Cr(VI) to Cr(III) could also occur
within the rhizosphere promoted by the lower pH, higher root-
derived organic C concentrations, and greater microbial and
root respiration within this region.28 There is evidence that
reduction of Cr(VI) by organic acids commonly found in root
exudates (e.g., citrate, malate) can by catalyzed by soil
surfaces29−33 and if it remains in a complex with the organic
ligand may be available for uptake directly or via ligand
exchange.10 Previous studies have shown that exposure to
Cr(VI) resulted in increased C concentrations in root exudates
from S. vulgaris14 which could have resulted in the abiotic
reduction of Cr(VI) to Cr(III), chelation of Cr(III) to organic
acids in root exudates, and/or growth promotion of reductive
bacteria in the rhizosphere, all of which could lead to uptake of
Cr(III).
Cr(III) was found throughout the root system particularly in

the root tips (Figures 1.f and 1.i) possibly eluding to a greater
importance of root tips in the process of reducing and taking up
Cr as shown in other species.9,27,28 Many of the root tips were
collapsed and in some cases curled (Figure 1.i and SI Figure
S2) as observed in other plants grown with Cr(VI).34−36 Root
tip deformation is attributed to the oxidizing power of Cr(VI)
when in direct contact with the roots leading to plasmolysis of
root cells and leakage of the cell contents.37 The meristematic
zone of the root is less suberized and more permeable to Cr
and is therefore more sensitive to Cr exposure resulting in
irregular cell wall profiles and retraction of the plasma
membrane.36,38 Both the direct effect on root structure and
chromosomal aberrations induced by Cr in root cells causes the
inhibition of cell division34 and extension of the cell cycle39

which likely contributes to root growth retardation found in the
60 μM Cr(VI) treated plants and the decrease in shoot dry
mass due to the inability of roots to absorb nutrients and
water.40 The μ-XANES data indicate that a greater portion of
the Cr in the root tips (spots 5 and 6 Figure 1 and Table 2) to
be in the hydrated and weakly ligated forms (e.g., hexaquo and
malonate). Best NLLSF of the μ-EXAFS spectra (SI Table S1)
from a spot at the root tip (spot S10 SI Figure S4 and Table

Table 1. Percentage of Dry Weights with Respect to the
Control and Total Chromium Concentration in Dry Tissues
in Shoots and Roots of S. vulgaris Exposed to 30 and 60μM
of Cr(III) and Cr(VI)a

dry weight (% of
control) μg Cr g−1DW

treatment shoot roots shoot root

control 100%a 100%ns 0.45 ± 0.21c 0.75 ± 0.32d

30 μM
Cr(III)

85 ± 10
%a

70 ± 14
%ns

2.19 ± 0.87c 105.00 ± 18.02cd

60 μM
Cr(III)

120 ± 8
%a

78 ± 11
%ns

4.32 ± 0.94c 186.39 ± 49.45c

30 μM
Cr(VI)

81 ± 11
%b

79 ± 15
%ns

51.26 ± 7.93b 926.08 ± 109.08b

60 μM
Cr(VI)

59 ± 7%b 58 ± 17
%ns

73.50 ± 10.39a 1155.11 ± 76.70a

aDifferent lowercase letters indicates significant differences between
chromium treatments. (Duncan’s test p < 0.05, mean ± SE, n = 3).
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S1) confirmed this finding in that only a first shell O (CNCr−O
= 5.23 at RCr−O = 1.98 Å) could be fit.
Moving back from the root tip, Cr appears to outline the root

cells (SI Figure S2) where it is likely bound to the cell wall, as
has been observed in other studies.10,41 Cr also appears to be in
the vascular tissues or concentrated at the endodermis indicated
by the pattern of Cr following the trajectory of the root (Figure
1.g and h). Cr uptake occurs across the radius of the root,42

where at low doses it is preferentially retained in the root
cortex. At higher concentrations Cr crosses the endodermis via
the symplast and is transported to the upper parts of the
plant.28,43 In these regions away from the root tip (spot 4
Figure 1 and Table 2) the LCF of the μ-XANES data shows
that the speciation is dominated by stronger ligands (e.g.,
acetate or citrate). Supporting the μ-XANES data, NLLSF of
the μ-EXAFS spectra (SI Table S1) from a spot just above the
root tip (S9 in Figure 4 and SI Figure S4 and Table S1) was

achieved using 6 oxygen atoms in the first shell (CNCr−O = 6 at
RCr−O = 1.98 Å) and approximately 6 carbon atoms in the
second shell (CNCr−C = 5.7 at RCr−C = 3.36 Å) which resembles
that of the Cr(III)-citrate or Cr(III)-malate standards. The data
show that Cr has already been reduced to Cr(III), it is
concentrated in many of the root tips in a weakly ligated form
and away from the root tips it is in strongly ligated forms either
for transport in the vascular system or in association with the
plant cell wall or exchange sites in the apoplast.
Within the stem, Cr(III) was found in the xylem (Figure 1.d,

1.e and SI Figure S5) but absent from the phloem and the other
tissues outside of the vascular elements. LCF of the μ-XANES
data from the stems indicate that Cr is primarily in the hydrated
and more soluble ligated forms with only one spot showing a
small amount of Cr(III) acetate (Table 2). Only a first shell of
O (CNCr−O = 6 at RCr−O = 1.98 Å) could be confidently fit to
all the μ-EXAFS spectra collected from the stem (SI Table S1,
Figure S9). These data indicate that the stem is used for Cr
transport and not storage in S. vulgaris.
Cr(III) was mainly observed in the mesophyll (both palisade

and spongy) of the leaf and was absent from the other leaf
tissues (Figure 1.c). In the leaf tips (Figure 1.a and b and SI
Figure S6), Cr(III) clearly outlines the cells where it appears to
be stored in the cell wall or apoplastic space; a pattern that is
especially evident in the leaf margins. Margins of the older
leaves also appeared red as was observed in Subterranean
clover10 and had lower K and Ca fluorescence intensity (Figure
1.a) indicating that these elements were less concentrated in
this region. Chromium did not appear to accumulate in the
vascular system of the leaves although they did contain discrete
spots of Ca (Figure 1.b) as was also seen in the stem (Figure
1.d and SI Figure S5). The μ-XANES data showed that a
greater proportion of Cr in the leaves is in the more strongly
ligated forms (Cr(III)-acetate and Cr(III)-citrate) compared to
the root and stem tissues (Table 2). It was possible to fit a
second shell carbon (CNCr−C = 4.58 at RCr−C = 3.34) in one of
the three μ-EXAFS scans from a leaf tip (Spot S1, SI Table S1
and Figures S6 and S9), and much like in the root, the fit
resembles those for the Cr(III)-citrate or Cr(III)-malate
standards.
In plants, organic acids are known to play an important role

in metal tolerance, transport through the xylem and vacuolar
sequestration44 and have been found to form stable complexes
with Cr(III).29 Previous studies on Cr speciation in a variety of
plant species found Cr(III) bound with oxalate, citrate, malate,
and/or acetate ligands.9,10,27,28,45 Higher concentrations of
malate and citrate were found in Zn tolerant genotypes of S.
vulgaris46 and, while they were not shown to be directly
involved in Zn transport or storage, based on our results, they
could potentially play a role in Cr homeostasis. The
microfocused techniques used in this study allowed us to
interrogate specific regions within S. vulgaris and in doing so we
found Cr(III) speciation to be different depending on the organ
analyzed which was related to whether Cr was being
transported or stored.
Based on the LLSF of standards used in this study, Cr(III)-

citrate and Cr(III)-malate were indistinguishable from each
other, as were the Cr(III)-hexaquo, Cr(III)-malonate, and
Cr(III)-tartrate standards. Because of the realized uncertainties
associated with coordination number and bond distance
estimates from shell fitting of EXAFS data together with the
similarity of XANES spectra for many of the Cr species ligated
to carboxylic acid groups on organic acids, we were only able to

Figure 1. Micro synchrotron X-ray fluoresce (μSXRF) maps showing
the distribution of Cr(III) (red), K (green) and Ca (blue) in (a) leaf
surface, (c) leaf cross section, and (d) stem cross section from S.
vulgaris grown 3 weeks in 60 μM Cr(VI). Panels (b) and (f−i) are μ-
SXRF maps showing the distribution of Cr(III) only (black) in the
same leaf in panel a) and in roots, respectively. Circles correspond to
spots where μ-XANES and/or μ-EXAFS spectra were collected. Light
microscope image of stem cross-section e) showing the E: epidermis,
C: cortex, Ph: phloem, Cb: cambium, Xy: xylem and P: pith. The bar
in all panels = 100 μm.
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reliably differentiate between Cr(III)-oxalate, Cr(III)-acetate,
Cr(III)-malate/Cr(III)-citrate, and the other Cr(III) standards
evaluated. For this reason, and together with our observation of
where Cr is located in the plant tissues, we interpreted LCF
where Cr(III)-acetate and/or Cr(III)-oxalate were identified
and where LLSFs showed a strong second shell C contribution
to indicate more strongly ligated Cr as might be found when Cr
is bound to the plant cell wall of leaf tips, while fits indicating
hexaquo-Cr(III) (and related species) to represent weakly
ligated Cr species as might be found in the stem xylem.
Phenotypic Changes and Biochemical Effects of Cr in

Leaves of S. vulgaris. Dense granular precipitates were
observed in light microscope (Figure 2.c) and SEM micro-
graphs (Figure 2.f) of leaves from plants grown with 60 μM
Cr(VI), but absent in leaves from control plants and those
grown with Cr(III) (Figure 2.a,b and 2.d,e). The region of the
IR spectrum between 1200 and 1000 cm−1, is considered
diagnostic for cell wall polysaccharides (e.g., pectin, cellulose,
hemicellulose). This region includes the absorption bands
associated with C−O stretching of starch (1150−980 cm−1),47

which increased dramatically in intensity in leaves of plants
from the 60 μM Cr(VI) treatment but change little for plants

grown with either concentration of Cr(III) or the lower
concentration of Cr(VI). At high Cr(VI) concentrations more
Cr gets into the plant and is transported to the leaves compared
to the other treatments and in response we observed reduced
plant biomass and what appears to be an increase in starch
accumulation in S. vulgaris. Accumulation of starch in leaves
due to Cr(VI) treatments has been related to the duration and
concentration of Cr(VI) exposure.48−50 Rodriguez et al. (2012)
found that biochemical processes were affected by lower
concentrations of Cr(VI) while photochemical efficiency was
compromised at higher dosages in Pea sativum.50 Thus, starch
accumulation in leaves of S. vulgaris may be attributed to an
impartment between carbon utilization and assimilation that
takes places at higher Cr(VI) doses at which plant growth is
stunted but photosynthesis is not yet completely inhibited.
There were significant changes in the 1200−1500 cm−1

region of the FTIR spectra for both Cr(VI) treatments which
are diagnostic for cell wall components and may be indicative of
the mechanism of Cr tolerance in S. vulgaris leaves. Proteins,
amino acids and phenolics play a role in sequestration of metals
in the cell wall, however it is the amount of polysaccharides rich
in carboxyl groups that are thought to be most important at

Table 2. Linear Least Squares Combination Fitting for μXANES Spectra Collected from Leaf, Stem and Root Samples From S.
vulgaris Grown in 60μM Cr(VI)a

Cr(III)-acetate Cr(III)-citrate Cr(III)-malonate Cr(III)-hexaquo Cr(III)-oxalate

sample % SUM NSS

LeafTip1 Spot1 (1) 28.9 37.6 0.0 30.5 0.0 97.0 7.86 × 10−05

LeafTip2 Spot1 (S2) 28.8 44.4 0.0 19.8 17.5 110.5 4.26 × 10−04

LeafTip3 Spot1 (S3) 34.4 36.1 0.0 24.0 0.0 95.0 9.41 × 10−05

leaf avg. = 28.9 41.0 0.0 25.2 8.8 103.8 -----
Stem2 Spot2(S5) 17.5 38.1 0.0 42.7 0.0 98.3 1.75 × 10−04

Stem3 Spot2 (S7) 0.0 31.3 21.7 40.7 0.0 93.7 3.22 × 10−04

Stem3 Spot1 (S8) 0.0 38.0 29.3 38.8 0.0 106.1 2.03 × 10−04

stem avg. = 5.8 35.8 17.0 40.7 0.0 99.3 -----
Root4 Spot4 (4) 36.3 30.1 0.0 37.1 0.0 103.5 1.20 × 10−04

Root4 Spot3 (5) 26.7 0.0 34.4 41.7 0.0 102.8 1.02 × 10−04

Root4 Spot1 (6) 0.0 27.1 16.4 54.9 0.0 98.4 1.04 × 10−04

root avg. = 21 19.0 16.8 45.6 0.0 102.1
overall avg. = 18.5 24.1 18.7 35.9 2.9 100.1

aValue in parentheses after the sample name corresponds to points in the μ-SXRF maps where the spectra were taken (S = Supporting Information).

Figure 2. Light microscopy images of S. vulgaris fresh leaf surfaces from a) control, (b) 60 μM Cr(III), and (c) 60 μM Cr(VI) treated plants.
Scanning electron micrographs of S. vulgaris leaf cross sections showing palisade mesophyll cells from (d) control plants, (e) 60 μM Cr(III) treated
plants, (f) 60 μM Cr(VI) treated plants.
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dictating the capacity of the cell wall to bind divalent and
trivalent cations.51 Though overlap of bands in this region
makes it difficult to assign bands to specific cell wall
components, spectra from leaves of control plants had bands
at 1319 cm−1 and at 1383 cm−1 which may be attributed to
xyloglucan (Figure 3); the most abundant hemicellulose in the

primary cell wall of dicots and nongraminaceous monocots.52

The intensity of these bands diminished in the 30 μM Cr(VI)
treatment or vanished and shifted to lower wavenumbers in the
60 μM Cr(VI) treatment. The suppression of these bands
indicates alteration of CH2 groups of this cell wall structural
component likely caused by greater concentrations of Cr(III) in
the leaves of Cr(VI) treated plants.
In roots, the IR spectra are similar in all Cr treatments

irrespective of Cr concentration or species. Slight suppression
of bands between 1200 and 1500 cm−1 is observed with respect
to the control, specifically the band at 1383 cm−1 (Figure 3).
Cell wall binding has been described as the primary mechanism
used by S. vulgaris to tolerate increased metals.53 Our findings
from IR together with the XAS data from roots, suggest the first
mechanism used to protect against Cr toxicity is retention of Cr
in the roots, a portion of which is bond to the cell wall in the
apoplastic space of the root cortex. Then, at higher rhizosphere
concentrations more Cr is transported to the leaves where it
appears to bind to the cell wall in the symplastic space. Because
the cell wall composition differs in the roots compared to the
shoots (evident when comparing the IR spectra of the leaves
and roots of the controls), how the Cr binds may therefore be
different as well.
Further evidence for Cr binding to the cell wall may come

from the buildup of Ca in the leaf and stem vasculature. There
were discrete angular spots of Ca in the phloem tissues of the

stem and leaf veins (blue in Figure 1.c and d). Increasing
amounts of Ca in S. vulgaris plants exposed to Cr(VI) has been
observed in our lab (unpublished) and in Oryza sativa and
Salsola kali.54,55 Some researchers have found Ca in association
with heavy metals in plant tissues and attributed the formation
of Ca-heavy metal grains as a way of preventing the metal from
entering the cytoplasm.56,57 However, in this study we saw no
colocalization of Cr with Ca in our SXRF maps (Figure 1) or
EDAX spectra (data not shown) collected from these spots.
Several studies examining the biosorption of heavy metals onto
cell wall pectins found that metal exposure resulted in release of
Ca from the pectin in what is interpreted as ion exchange
between the bridging Ca and metal ion.58−60 Retention of
Cr(III) on the cation exchange sites of the vessel walls by a
transport mechanism similar to that of Ca2+ has been previously
described.37 Thus, Ca accumulations found in the μ-SXRF
maps could be due to the displacement of Ca by Cr3+ in the cell
wall. As such, the association of Cr with the cell wall in the
SXRF micrographs, the XAS fits indicating stronger complexes
with carboxylic compounds in these areas, FTIR spectra
indicating alteration of cell wall polysaccharides, and the
buildup of Ca in the vasculature provides some of the strongest
evidence that Cr in S. vulgaris is bound to the cell wall. The
stiffening of the cell wall as a result of metal binding could
inhibit cell elongation61,62 which, together with the process
mentioned previously, could explain the growth retardation
observed in the Cr treated plants.
In summary, the difference in oxidizing power and uptake of

Cr(VI) vs Cr(III) resulted in more Cr accumulation and
growth retardation in S. vulgaris exposed to Cr(VI). However,
starch accumulation in the plants grown with Cr(VI) indicates
that S. vulgaris is still able to fix C suggesting that it possess
tolerance mechanisms enabling it to survive when grown with
Cr(VI). The main process implicated in tolerance is the total
reduction of Cr(VI) to less toxic Cr(III) within the rhizosphere
or immediately after uptake by the roots where it is bound to
the root cell wall in the apoplastic space. Then, Cr is
transported in the stem by more weakly ligated forms and
sequestered in the cell wall of leaf margins where it does not
interference with photosynthetically active tissues. To date, the
study of Cr chelation, transport and storage in plants has largely
relied on homogenized samples and highlight the role of
organic acids in Cr uptake and storage. To our knowledge, this
is the first study to use micro X-ray fluorescence spectroscopy
to study the speciation and localization of Cr in fresh-hydrated
tissues. Results from this study provides new insight into the
important role the cell wall plays in Cr chelation and tolerance.
This work shows that, from the point of view of environmental
cleanup, revegetation with S. vulgaris provides a green
alternative for in situ detoxification of Cr(VI) to stable and
less toxic Cr(III) making S. vulgaris a viable species for use in
the phytostabilization of Cr polluted soils.
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Supporting Information provides the description of tolerance
test (S1), plant culture (S2) and of linear least-squares fitting
procedure (S3). Additional μ-SXRF micrographs of roots (S7,
S9), stem (S10), and leaf tips (S11), and results from Linear
Least Squares Fit of μ-XANES (S8, S12) and μ-EXAFS (S13−
15) spectra of standards and samples are also provided in this
section.This material is available free of charge via the Internet
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Figure 3. Diffuse reflectance infrared Fourier transform (DRIFT)
spectra of a) leaves and b) roots of S. vulgaris treated 3 weeks with
different concentrations and forms of chromium. Peak labels are based
on the control spectra.
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